Objective: This study examined risk factors for eczema at age four. Study Design: Beginning at age one, infants of atopic parents (n=636) had annual clinical evaluations and skin prick tests (SPTs) to 15 aeroallergens, and milk and egg. Parents completed validated surveys on eczema and environmental exposures. House dust samples were evaluated for allergens and endotoxin. Eczema was defined as a parental report of scratching, and redness, "raised bumps," or dry skin/scaling for six of the last 12 months.
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Introduction
While time trends in the prevalence of eczema vary greatly by geographic location, the global burden of the disease has increased substantially over the last three decades. 1, 2 Worldwide, eczema affects 15-30% of children and 2-10% of adults. 2 Much attention has recently been focused on genetic causes of eczema (e.g. filaggrin). 3 Nevertheless, the rapid rise in disease prevalence implies that environmental influences must play a critical role as well. 1 Transient sensitization to food allergens is associated with childhood eczema; however, the relative importance of aeroallergen sensitization early in life is not well defined. 4, 5 We and others have shown that dog ownership may reduce the risk for childhood eczema. 6, 7 While the protective effect of dog ownership may be mediated by elevated endotoxin levels, evidence to support this conclusion is sparse. In addition, cat ownership has been associated with lower rates of atopic sensitization in some studies, while others have reported an increased risk for eczema among cat owners with filaggrin mutations. 8, 9 In this study, we investigated associations between early environmental exposures, including pet ownership patterns, house dust endotoxin levels, sensitization patterns, and the eczema phenotype. Our hypothesis was that early environmental exposures and sensitization patterns would be predictive of eczema at age four. Our population, the Cincinnati Childhood
Allergy & Air Pollution Study (CCAAPS), is a high-risk, atopic birth cohort. Findings regarding eczema at age three and younger have been reported elsewhere. 7 In this report, children with eczema at age four were evaluated, as this group may represent a more severe phenotype, at increased risk for persistence of eczema and the development of asthma.
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Methods
Subject Recruitment and Study Design
CCAAPS is a longitudinal birth cohort study on air pollution and allergy. Newborns in the Cincinnati metropolitan area were identified by public birth records from 2001 to 2003. 12, 13 Infants living less than 400 m or greater than 1500 m from the nearest major highway or interstate were eligible for enrollment. 13 All 762 infants also had a parent with symptoms of asthma, allergic rhinitis, or eczema, and with at least one positive skin prick test (SPT) to a panel of 15 aeroallergens. 12 Parents signed an informed consent approved by the Institutional Review
Board of the University of Cincinnati.
Children were skin tested by a group of trained clinicians for 15 aeroallergens, plus cow's milk and hen's egg, on a yearly basis from ages one through four. 12 Parents completed yearly inperson surveys. Physical exams and a clinician's assessment were performed on the same day as the in-person surveys. A home visit and environmental assessment were conducted prior to age one. House dust samples were collected from a 2 m 2 area of floor surface from the infant's primary living area using a Filter Queen Majestic vacuum cleaner at a rate of 2 min/m 2 .
Monoclonal sandwich ELISA assays were performed for Fel d 1, Can f 1 and Der f 1 concentrations in house dust. 14 Endotoxin and (1→ 3) β-D-glucan concentrations were determined using a Limulus amebocyte lysate assay. 15, 16 Glucatell modification of the assay was used for (1→ 3) β-D-glucan and Pyrochrome modification for endotoxin. 15, 16 Personal elemental carbon attributable to traffic (ECAT), a marker of exposure to traffic related particles, was determined. 17 Briefly, particulate matter less than 2.5 µm in diameter (PM 2.5 ) was collected at ambient monitoring stations. 18 Elemental carbon concentrations and absorption coefficients were determined. Multivariable UNMIX and chemical mass balance models were then used to determine ECAT at monitoring stations. 18 A land use regression model was applied to estimate ECAT for locations where a child spent greater than eight hours/week between ages six and twelve months. 17 Two case definitions of eczema at age four were established a priori. Eczema based on parental report was modified from a validated questionnaire (International Study of Asthma and Allergies in Childhood), and included a parental report of scratching, and redness, "raised bumps," or dry skin/scaling for at least six of the last 12 months. 19 Clinician-diagnosed eczema was a global assessment measure based primarily on physical exam findings from a single office visit with one of several study clinicians. Physical exam findings considered to be consistent with eczema included erythema, papulation, excoriations and/or lichenification. The parental report case definition served as the primary outcome measure as it reflected persistent findings for six of the previous 12 months, and was adapted from a validated survey. 26 In addition, in order to avoid potentially misclassifying children as controls who were positive for eczema on physical exam, the comparison group for this analysis had neither a parental report nor a clinician-diagnosis of eczema. The clinician's diagnosis definition was also used in a sensitivity analysis to validate findings from the parental report. As a secondary outcome measure, we evaluated a subgroup of children with "atopic eczema," defined as a parental report of eczema plus a positive SPT at age four.
Statistical Analysis
Potential covariates are listed in Table I . A positive skin prick test was defined as a wheal of 3 mm greater than the saline control, along with a flare response. Previous studies have
shown that aeroallergen sensitization is less common prior to the age of two, and up to 15-20% of young children may have transient responses on skin testing. 20, 21 While the predictive value of transient aeroallergen sensitization is unclear, it may be a measure of the ability to become sensitized and thus may have clinical relevance in terms of the presence and/or future development of atopic diseases like eczema. 20 We therefore considered a child to have a positive skin prick test for an aeroallergen if they had a single positive result for that allergen at ages one, two, and/or three. Because previous studies reported that sensitivity to egg at age one was predictive of atopic manifestations at later ages, and the prevalence and predictive value of egg SPT+ at ages two and three were lower in this study, SPT results for egg at age one only were ultimately included in the multivariable model.
22
Regardless of univariate findings, all potential covariates listed in Table I 
Results
Prevalence of Eczema
In total, 636 children completed the annual visit at age four; 16% (n=90) satisfied the primary outcome definition of eczema based on parental report, 18% (n=107) met criteria for the clinician's diagnosis, and 75% (n=477) did not have eczema by either case definition (Table II) .
The prevalence of atopic eczema was 10% (n=55). Data from the questionnaire was complete, and 635 children completed the physical exam. In order to avoid including children in the comparison group who were potentially misclassified (i.e. positive for eczema by clinician's diagnosis but negative by parental report), 68 children were excluded a priori from the analysis. breast-feeding; day-care attendance; number of siblings; tobacco smoke exposure; house dust concentrations of endotoxin, dust-mite allergen, and β-glucan; and a parental report of cow's milk ingestion prior to age one. Unadjusted findings for SPTs are presented separately (Table   IV) .
Univariate Evaluation of Predictors of Eczema at Age Four
Multivariable Evaluation of Predictors of Eczema at Age Four
Results from a multivariable logistic regression analysis are presented in Table V Egg ingestion prior to age one trended towards a protective effect from eczema at age four (aOR 0.6 [0.3-1.1]; p=0.08). The timing of egg introduction was not related to egg SPT+.
Early versus delayed introduction of milk and peanuts/tree nuts were not predictive of eczema in the multivariable analysis.
Interaction between Dog Ownership and Skin Prick Test Reactivity to Dog
We next examined the relationship between dog ownership and percutaneous sensitization to dog (Table V and Figure I ). Prior to age one, 184 children owned dogs. Among children who had a dog prior to age one, dog SPT+ at ages one, two, and/or three did not significantly increase the risk for eczema at age four (16% had eczema; aOR 1.3 [0.3-6.8];
p=0.8). In contrast, children who did not own dogs (prior to age one) but were dog SPT+ (ages one, two, and/or three) had an almost four-fold increased risk of eczema at age four (57% had eczema; aOR 3.9 [1.6-9.2]; p=0.002). Children who did not own dogs and were SPT negative to dogs were not at increased risk for eczema. Maternal/paternal dog SPT status did not predict dog ownership. Dog ownership and dog SPT status in the first three years of life were independent of one another. Dog ownership was also independent of endotoxin levels.
To verify these findings, we examined the effects of dog allergen levels from house dust samples collected prior to age one on the presence of eczema at age four years (Table VI) .
Children exposed to the highest tertile of dog allergen concentrations had a significantly lower risk of eczema (uOR 0.4 [0.2-0.7]; p=0.01). After adjustment for other covariates using a statistical spline procedure, dog allergen levels above 1.8 microgram/gram (µg/g) of dust showed a trend towards protection from eczema (p=0.18). 23 We next sought to determine if the modifying effect of dog ownership might impact other SPTs as well. With eczema as the outcome, we found no interactions involving dog ownership and SPTs to allergens other than dog. A significant inverse relationship between dog ownership prior to age one and SPT positivity to cat at ages one, two, and/or three (uOR 0.5 [0.3-0.8]; p=0.005) was found, indicating that dog owners were less likely to become sensitized to cats. This relationship was independent of cat ownership or cat allergen levels.
Interaction between Cat Ownership and Skin Prick Test Reactivity to Cat
A similar analysis was performed for cat ownership and cat sensitization ( SPT+ at ages one through three and cat ownership prior to age one were also independent of one another, and were independent of endotoxin.
To verify the above findings, cat allergen levels from house dust samples collected at eight months of age were assessed. Cat allergen levels alone were not predictive of eczema (Table VI) . After adjustment for other covariates using a spline procedure, a positive association between cat allergen exposure and age four eczema was found for levels up to 3.0 µg/g of dust (p=0.10).
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Predictors of Atopic Eczema at Age Four Years
Atopic eczema (n=55) was analyzed with adjustment for covariates described in the results section (Tables I and III) . Results were similar to those with eczema alone (Table VII) .
The positive associations between sensitization to egg and atopic eczema, and between elm and effect modification by dog ownership on dog SPT was also present. As before, children with no dog who were dog SPT+ were at significantly increased risk for atopic eczema (aOR 5.0 [1.8-
13
.9]; p=0.002). The significant interaction between cat ownership and cat SPT was also replicated. The effect of parental eczema was no longer statistically significant. In a separate analysis, we found that parental eczema was the only predictor that trended towards significance among children with non-atopic eczema at age four (n=45; aOR 2.1 [0.9-5.0]; p=0.09).
Predictors of Eczema in the African-American subpopulation
Interactions between pet ownership and sensitization were not found in the AfricanAmerican subpopulation, possibly because very few African-Americans owned pets (Table   VIII) . Nevertheless, African-Americans who owned cats prior to age one (n=6; 3%) were twelve times more likely to have eczema at age four than those who did not (aOR 12. p=0.04). In contrast, none of the African-Americans who owned dogs (n=17; 9%) prior to age one had eczema at age four.
Sensitivity Analysis of Eczema Definition
Despite low agreement between the parental report and clinician's diagnosis (kappa=0.3), most results were the same using either outcome definition (Table IX) As a separate sensitivity analysis, we evaluated the impact of including children in the comparison (no eczema) group who were negative for eczema on parental report but positive by the clinician's diagnosis (Table XI) . Conclusions for all outcomes in the multivariable analysis were unchanged and confidence intervals were smaller (precision was increased) when we added back these 68 children who had been excluded a priori because of concerns for misclassification.
Discussion:
Consistent with previous studies, children in the CCAAPS cohort with a history of parental eczema and skin prick test positivity to egg at age one were at significantly increased risk for eczema at age four. 4, 24 As previously reported, early dog ownership conferred a significant protective effect from eczema at age four. 7, 24 Also, consistent with recent reports, cat ownership by itself did not confer a significantly increased risk for eczema. 9 After adjustment for these and other known risk factors, several novel findings became apparent.
For the first time, we report significant interactions between pet ownership and sensitization to pets, with the outcome of eczema. We found that dog owners with early sensitization to dog were almost four times less likely to have eczema at age four than non-dog owners. Thus, early dog ownership significantly reduced the risk of eczema associated with dog sensitization. In contrast, cat ownership significantly increased the risk for eczema among cat sensitized children. The magnitude of this effect was pronounced, as cat owners with early sensitization to cat were 13 times more likely to have eczema at age four than non-cat owners.
Sensitization to dogs or cats was independent of dog or cat ownership, respectively, presumably because of the ubiquity of dog and cat allergens in a variety of indoor environments. The aforementioned relationships were also independent of endotoxin levels.
It is tempting to attribute the protective effect of dog ownership to a natural form of immunotherapy, whereby constant exposure to high levels of dog antigen over time might induce tolerance to dog allergen in sensitized children. Consistent with the literature, early dog ownership was also protective from the development of skin prick test positivity to cat. 8 This suggests that dog ownership may have broader tolerogenic effects. A recent study found that T cell lines of dog allergic subjects produce high levels of IL-10 and IFN-gamma, cytokines associated with the induction of tolerance, after stimulation with certain Can f 1 epitopes. 25 In another study involving children of atopic parents, dog ownership in infancy was associated with increased secretion of IL-10, along with a reduced risk for childhood eczema and decreased sensitization to foods and aeroallergens. 6 These effects were later found to be independent of endotoxin levels. 26 In this study, dog ownership was independent of endotoxin levels, and endotoxin levels were unrelated to the presence of eczema. In addition, while we previously reported an interaction involving dog ownership and endotoxin levels with asthma at age one, we did not find evidence for an interaction involving endotoxin and dog ownership with eczema at age four. 16 It is therefore possible that dog antigens exert immune modulating effects distinct from those attributed to endotoxin. 26 Why cat ownership accentuated the positive association between sensitization to cat and eczema, rather than promoting tolerance is not clear. The novel finding that interactions between pet ownership and sensitization appear to be specific for dog or cat allergens suggests that animal exposures may exert antigen specific effects, the mechanisms of which are poorly understood. Recent studies have highlighted the positive association between exposure to cats and eczema among children with filaggrin mutations. 9 In contrast, dog ownership does not appear to increase the risk for eczema associated with filaggrin variants. 24 Further research regarding gene-environment interactions between genetic variants in skin barrier proteins and pet ownership may be particularly germane.
Several other findings from this high risk cohort deserve mention. Recent studies indicate that delayed introduction of allergenic foods is unlikely to prevent eczema and other atopic diseases, and that earlier introduction of these foods might be beneficial. 27 In this study, delaying egg introduction until after age one did not decrease the risk for eczema at age four, and earlier introduction may have been protective. This finding was statistically significant for children with atopic eczema, arguably the group at highest risk to develop asthma. While the possibility of reverse causation due to food restriction based on parental food allergies or the presence of eczema in the first few months of life cannot be absolutely ruled out, our results do support recently modified guidelines not to delay egg introduction in high-risk children. 28 Findings regarding the timing of nut ingestion should be interpreted with caution, given that effects were not significant after adjustment for other covariates in the multivariable model.
While the role of food introduction and sensitization to foods in the development of eczema has received much attention, the association between aeroallergen sensitization and eczema early in life may be underappreciated. 5 One of the most important predictors of eczema at age four was sensitization to American elm, a tree pollen, at ages one, two, and/or three. We previously reported that elm pollen was a less common sensitizer in infancy relative to other trees, as only 4% of one year old children were sensitized to elm, versus 6% to white oak, 7% to red cedar, and 9% to maple pollen. 12 Elm remained a less common sensitizer through age three.
Among children sensitized to elm, however, almost 40% had eczema, compared to 29% for oak, 23% for red cedar, and 21% for maple. Our findings may therefore indicate that children with eczema are prone to early sensitization to aeroallergens that are less frequent sensitizers in other children.
Finally, it has recently been suggested that exposure to traffic-related air pollutants may increase the risk for eczema. 29 In this study, elemental carbon attributable to traffic (ECAT), a marker of diesel exposure, trended towards a positive association with eczema in the univariate analysis. This finding was not replicated in the multivariable analysis, however, suggesting that factors that were not previously controlled for may explain the previously reported positive association between air pollution and eczema.
While bias is a potential concern for studies involving pet keeping, there are several ways that bias was minimized in this study. First, dog and cat ownership and early sensitization to dogs and cats, respectively, were independent of one another. Pet keeping was unrelated to parental sensitization patterns. In addition, the prevalence of pet keeping in this high-risk birth cohort was very similar to the general population. 16 We adjusted for numerous other possible risk factors in the logistic regression model. While maternal smoking and socioeconomic status in particular have been cited as having an association with pet keeping, these factors did not impact our results. Furthermore, the sensitivity analysis conducted to validate our eczema definitions revealed similar findings regardless of the definition employed.
Finally, it is difficult to speculate regarding the impact of our findings on non-atopic eczema, given that our cohort was enriched for atopy. Findings from the small subgroup of children with non-atopic eczema suggest that parental eczema may be the most important determinant of eczema among non-atopic children, and that other predictors of atopic eczema may not be as relevant to this group. In addition, findings regarding pet ownership and sensitization may not be applicable to African-Americans, given the small number of AfricanAmericans who owned pets.
In conclusion, in this prospective birth cohort involving children of atopic parents, an interaction between pet ownership and pet sensitization was discovered that has not previously been reported. Early dog ownership attenuated the risk for eczema among dog-sensitized children, while early cat ownership accentuated the association between cat sensitization and eczema. In addition, we found that early sensitization to elm, a relatively uncommon sensitizer in young children, was strongly associated with the presence of eczema at age four. Delayed introduction of egg beyond one year was not found to be protective from atopic eczema. Additional covariates that were not significantly predictive included: parental asthma; season of birth; parental income; parental education level; breast-feeding; day-care attendance; number of siblings; tobacco smoke exposure; house dust concentrations of endotoxin, dust-mite allergen, and β-glucan; and cow's milk ingestion prior to age one (see Online Supplement, <0.001 0.8 † Total cohort size was 636 children at age four; 90 children (16%) met criteria for eczema based parental report ‡ 16 (9%) children with eczema owned dogs; 17 (14%) owned cats; based on home visit § Represents adjusted odds ratio for eczema based on the interaction between pet ownership and skin prick test (SPT) ± All covariates listed in Table II and E1 and in the footnotes of these tables were included in the estimated maximum model. Table III represents covariates that remained in the final model after backward elimination with an alpha cut-off of 0.15. # The African-American subpopulation included 131 children at age four; 24 had eczema based on the parental report *Unable to accurately estimate the effect of dog ownership or assess for an interaction with sensitization due to the low prevalence of dog ownership in the African-American subpopulation (17 African-Americans owned dogs prior to age one; none of the dog owners had eczema). **6 African-American children owned cats prior to age one; three of these had eczema at age four. The interaction between cat and cat-ownership was not calculated due to collinearity between these variables in the African-American subpopulation. Represents adjusted odds ratio for eczema based on the interaction between pet ownership and skin prick test (SPT) ± All covariates listed in Table I and E1 and in the footnotes of these tables were included in the estimated maximum model. Table E3 represents covariates that remained in the final model after backward elimination with an alpha cut-off of 0.15. 0.02 0.9 † Total cohort size was 636 children at age four; 39 children (8%) met criteria for eczema based on both the parental report and the clinician's diagnosis ‡ 5 (13%) children with eczema based on both the parental report and the clinician's diagnosis owned dogs; 11(28%) owned cats; based on the home visit § Represents adjusted odds ratio for eczema based on the interaction between pet ownership and skin prick test (SPT) ± All covariates listed in Table I and E1 and in the footnotes of these tables were included in the estimated maximum model. Table E4 represents covariates that remained in the final model after backward elimination with an alpha cut-off of 0.15. Dog in home (before age 1; n=197) ‡ † Total cohort size was 636 children at age four; 90 children (15%) met criteria for eczema based on the parental report definition WITHOUT removal from the analysis of children who were negative for eczema by parental report but positive based on the clinician's diagnosis. Children who were negative by parental report were included in the comparison (no eczema) group for this analysis regardless of findings from the clinician's diagnosis. ‡ 16 (9%) children with eczema based on both the parental report and the clinician's diagnosis owned dogs; 17(14%) owned cats; based on the home visit § Represents adjusted odds ratio for eczema based on the interaction between pet ownership and skin prick test (SPT) ± All covariates listed in Table I and E1 and in the footnotes of these tables were included in the estimated maximum model. Table E5 represents covariates that remained in the final model after backward elimination with an alpha cut-off of 0.15. 
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